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Production and hosting byAbstract Fault-block structures of the Altay-Sayan folded area (ASFA) southeastern Siberia of Russia
were used as the basis for creating a 3-D model. The surface structures were projected to depths by
previous correlations between long and deep faults, with all layers and deformation factors defined.
The mean deformation factor (Ds) is 0.12 unit/km3 in the upper layer, 0.012 unit/km3 in the intermediate
layer, and 0.007 unit/km3 in the lower layer of the 3-D ASFA neotectonic model. Ds allows correlation of
the three distinguished layers with rheological bodies that differ in their potential for accumulating elastic
energy. 3-D modeling can be used as a methodological approach to projections in seismic prone areas
such as the Krasnoyarsk region, for earthquake-hazard monitoring.
ª 2010, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The most densely populated central and southern parts of the
Krasnoyarsk region belong to the Altay-Sayan folded area
(ASFA). Increasing seismic risks from ASFA called for a systemm (R.M. Lobatskaya).
eosciences (Beijing) and Peking
evier B.V. All rights reserved.
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Elsevierof earthquake-hazard monitoring in the territory. Before 2002,
there were only two seismic stations of the Geophysical Surveys
of the Russian Academy of Science, one in Obninsk and one
in Novosibirsk (Siberian Branch) that mainly recorded tele-
seismic events. This was despite the fact that the central and
southern Krasnoyarsk region and its environs are experiencing
considerable local seismicity with frequent earthquakes of
moderate magnitude.
Thus, a regional seismological network was set up in
2000e2002, as part of a special regional program for “seismic
weather” monitoring by recording small events as a basis for long-
term earthquake prediction. The network stations are sensitive to
small shocks that were beyond the resolution in earlier networks,
and thus have furnished valuable information on the energy poten-
tial and earthquakeesource parameters in the study area. However,
the regional seismological network was deployed and seismic
monitoring began without the solid tectonic background that can be
provided by detailed neotectonic and seismological data that is
processed with advanced tools. Thus, there arose a demand for
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correlation in the Altay-Sayan area using advanced GIS facilities.
1.1. Research goal and objectives
The goal of the research for the purposes of increasing seismic
safety in Krasnoyarsk region consisted of choosing optimum GIS
techniques and adapting them to 2D- and 3D-tectonic modeling
and subsequent tectonicseseismicity correlation. The respective
objectives were:
(1) to make an inventory of the existing GIS tools for neotectonics;
(2) the choice and conceptual justification of GIS tools for 2D-
(map) and 3D-models of the Altay-Sayan folded area (ASFA)
neotectonic framework;
(3) GIS-derived 2-D modeling of the ASFA;
(4) to transform the 2-D model into a 3-D one, using GIS
technology;
(5) to estimate the degree of brittle deformation of the ASFA
crust in map and cross-section views, using ArcGIS tools;
(6) to correlate the ASFA deformation pattern and seismicity,
using ArcGIS tools;
(7) to identify principal geological-geophysical, tectonic, and geo-
dynamic criteria for monitoring seismic activity in the regional
neotectonic setting, for earthquake prediction in ASFA.
2. Data and methods
The neotectonic map of the ASFA territory was compiled using
a Global Mapper digital elevation model (DEM) in which we
inferred faults and the blocks they bound from elevation gradients.
The seismicity pattern was imaged using earthquake catalog data
from a special earthquake catalog for Northern Eurasia (Ulomov
and Shumilina, 1999), with historic and instrumental seismicity
(Sibgatulin et al., 2009).
In order to correlate our results with the deep structure of the
area, reference was made to published and unpublished (open-file
field reports) survey data and models obtained at several survey,
research, and academic institutions (Alakshin et al., 1988, 1991;
Pavlenkova, 1996; Egorkin, 1999; Mats et al., 2001; Pavlenkova
et al., 2002; Toib, 2002; Lind et al., 2004; Lifshiz et al., 2005).
In addition to published and archived literature, we used the
available maps of the ASFA (Zyat’kova, 1977; Nikolaev, 1982;
Trifonov, 1986; Bezzubtsev et al., 2000; Grachev, 2000); quanti-
tative parameters were calculated and spatially analyzed using the
Global Mapper and ArcGIS software (Breunig et al., 2000;
Castanie et al., 2005; Cheremisina and Nikitin, 2006).
According to the past experience of geological and geophysical
surveys, it is reasonable to adapt GIS tools for specific purposeswhile
creating the appropriate database and processing techniques. Thus, in
this studywehave appliedGIS technology toneotectonicmapping, 2-
D and 3-D modeling, and subsequent correlation of the neotectonic
and seismicity patterns inASFA.Correspondingly, thework included
three stages: as the first step, we outlined the network of young faults
on the topographic basewithGlobalMapper and then imaged the 2-D
neotectonic structure as a 1:1,000,000 map; the second step was to
convert the 2-D neotectonic model into a 3-D one by estimating the
thicknesses of the blocks, proceeding from known empirical rela-
tionships between fault length and depth (Sherman and Lobatskaya,
1972; Sherman, 1977; Lobatskaya, 1987; San’kov, 1989); the third
step consisted in ArcGIS 3Dmodeling of the neotectonic framework
of the Altay-Sayan folded area and neotectonicseseismicity corre-
lation (Sadovskii et al., 1987; Sherman, 2005).The theory behind 2-D neotectonic modeling from the regional
fault pattern is that the surface topography produced by neotectonic
movements can represents neotectonic units, whereas the boundaries
between the topographic highs and lowsat regional and local scales of
the lithospheric structure correspond to faults of the respective sizes
(size ranks). In the course of modeling we successively applied: (i)
morphotectonic analysis of elevation (Gerasimov, 1969; Gerasimov,
1970; Pozdnyakov and Chervanev, 1990; Lastochkin, 1991;
Ufimtsev, 1998); (ii) high-density fault mapping (Nikonov, 1977;
Ponomarev and Trifonov, 1978; Lobatskaya, 2005; Makarov,
2007); (iii) identifying and ranking neotectonic blocks (Lobatskaya,
2005; Seminskii, 2005); (iv) describing the neotectonic relief inside
the blocks (Lobatskaya, 2005); and (v) estimating neotectonic slip
rates within the blocks (Lobatskaya, 2005).
As noted above, the 2-D neotectonic fault-block model was
based on a Global Mapper DEM. At the stage of fault pattern
recognition, DEM was found to be advantageous over the classical
plane-table survey and aerial- and satellite-imagery data because
the program allowed fast and exact tracing of faults, drawing them
on the 3-D topographic base, and plotting of gradient hypsometric
elevation profiles in a few seconds.
Elevation in theAltay-Sayan foldedarea is uneven,withhighlands
in the south and hilly or plainland terrains in the north (Fig. 1). Taking
into account the different elevation gradients in the north and south of
the area, the minimum elevation contrasts are sufficient to assign two
neighboring areas to different blocks: 20e25 m for peneplains; 50 m
for denuded plateaus; 100 m for denuded mountains; and 200 m for
young mountain provinces (Orlova, 1975).
3-D terrain image, filtered for vegetation and manmade effects,
makes it possible to investigate the configuration and parameters
of faults at any scale and to run multi-format export and import
data. This approach ensures best user comfort, and high accuracy
and resolution, which classical contour mapping tools cannot
achieve (Krasnoramenskaya and Lobatskaya, 2008; Lobatskaya
and Krasnoramenskaya, 2008).
With the use of the lineament layer of faults from Global
Mapper 9, it was possible to proceed to automatic generation of
the polygonal layer of neotectonic blocks in ArcGIS. The use of
GIS tools at this stage saved much time required for delineating
neotectonic blocks and became a high-accuracy and high-perfor-
mance way of automatic tabulation of attributes for 3-D modeling.
The procedures performed in 2-D modeling are summarized in
Table 1.
The Z component (block thicknesses) in the 3-D neotectonic
model was inferred from fault lengths to be H Z 1.04L e 0.7 for
25e30km local faults (ShermanandLobatskaya, 1972), andHZ kLa
for regional and transregional (general) faults, with the H/L ratio
varying from 1/2 to 1/16 (San’kov, 1989). The depths of 6e20 km
long local faults (H )were assumed tobe proportional to their lengths:
H/Lz 1 (Sherman and Lobatskaya, 1972). However, faults shorter
than 25 km were neglected in the generalized derivation algorithm,
there being few within the chosen mapping scale of 1:1,000,000.
Having synthesized the above relationships using the built-in
Excel functions, we derived the generalized relationship for fault
depths H Z 12.693L0.2239 km, following the scheme below:
1. calculating fault depths (H, km) for 25e30 km faults as
1.04L e 0.7 (Sherman and Lobatskaya, 1972);
2. calculating fault depths (H, km) for 40e1000 km faults with
H/L from 1/2 to 1/16 (San’kov, 1989);
3. plotting the power-law trend and obtaining the relationship
H Z 12.693L0.2239 km.
Figure 1 2-D neotectonic model of the Altay-Sayan folded area, Russia. The average velocity of neotectonic movements (mm/yr) in blocks are
showed by different colors spectrum: orange-brown for uplift, blue for sinking tendency (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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depths of the delineating faults according to our formula
MbZ
P
iHili/P, where Hi is the fault depth in km; li is the length
of the respective block side (bounding fault segment) in km, and P
is the block perimeter in km. The unknown block thickness in the
formula is its maximum possible value that bears the contribution
(weight) of each fault depth along the boundary of a specific
block. The relationship is based on mathematical expectation,
a key parameter in describing probability, which is a weighted
sum of random values with the weights equal to the probabilities
of the respective elementary events (Orlov, 2004).
In this study we applied mathematical expectation because
each block is bounded by several faults, i.e., estimating the block
thickness according to the depth of one fault would basically be
wrong. In the intermediate steps of the work, we obtained trialTable 1 2D modeling with Global Mapper and ArcGIS.
Step 1 Creating a lineament layer of fault pattern with Global Map
Step 2 Saving, in GeoTIFF, the mapped fault pattern layer in Glob
Step 3 Spatial Analyst conversion of raster layer into vector layer,
Step 4 Creating a polygonal layer of fault-bounded neotectonic blo
617 polygonal blocks, which contains spatial and attributiv
Step 5 Computing surface areas and perimeters of blocks with bui
Step 6 Computing magnitudes of erosional incision and mean slip
Step 7 Choosing color scale for imaging blocks with different deg
“symbols” in “layer properties” window, with color codingmodels with only minimum or only maximum fault depths, and
obtained models that contradicted the physical sense, which failed
to image the true crust structure. Thus, computing the block
thicknesses (Mb) using mathematical expectation appears to be
the most reasonable way of modeling the average geometry of the
block bottom. All spatial operations for assigning the depths of
boundary faults to a specific block for the purpose of computing
the final block thickness were performed in ArcGIS, following the
algorithm below (Table 2).
As a result, we obtained block thicknesses used to plot the Z
component in the 3-D neotectonic model of the Altay-Sayan
folded area and compiled a database (table of attributes) of block
parameters including surface area, perimeter, thickness, erosional
incision, and vertical slip rates since the earliest Pleistocene. The
3-D modeling algorithm is given in Table 3.per 9
al Mapper 9 with geographic tie
in ArcGIS
cks and obtaining a shape file as a uniform set of
e data on the blocks
lt-in tools of an additional arctoolbox panel
rates in a block using GlobalMapper and ArcGIS tools (Table 4)
rees of tectonic activity using bookmark
according to slip rates. ArcGIS visualization of 2D model (Fig. 2).
Table 2 Algorithm for assigning fault depths and estimating the respective block thickness.
Step 1 Polygon to poliline conversion
Step 2 Poliline to segment conversion
Step 3 Assigning block data to each segment using built-in functions in “spatial operation master” window
Step 4 Creating linear shape file containing data on sides of all blocks, with number identification of respective blocks (i)
Step 5 Computing lengths of each fault- bounding segment (li)
Step 6 Plotting a narrow buffer zone (1000 m) around each fault for assigning block sides to respective faults
Step 7 Assigning fault depths (Hi) to each segment using built-in functions in “spatial operation master” window
Step 8 Computing final block thicknesses by Mb Z
P
i Hili/P in Excel with “summing if” function
Table 4 Estimating amount of erosional incision and neo-
tectonic slip rates with Global Mapper and ArcGIS.
Step 1 Global Mapper conversion of
DEM into a 50 m  50 m xyz grid
Step 2 File export to ArcGIS and
conversion into a point shape file
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The GIS technology of combining the Global Mapper DEM with
ArcGIS processing, allows one to proceed from 2-D to 3-D
modeling tools, and opens new avenues in neotectonic analysis.
3.1. Neotectonic 2-D and 3-D models of crust in the Altay-
Sayan folded area
Our 2-D neotectonic model of ASFA defines several distinct fault
systems that cut the region into areal blocks of three ranksdup to
200  103 km2, 75  103 km2, and 11  103 km2. According to
earlier data (Datsenko and Krasnoramenskaya, 2006), the neo-
tectonic fault patterns are largely inherited from older structures.
The largest neotectonic blocks (first and second size ranks)
correspond to major tectonic units within ASFA. In contrast, in
some cases the smallest blocks (11  103 km2), being of either
pre-Cenozoic or Cenozoic origin, do not.
The neotectonic activity of blocks is recorded in fault slip rates
with respect to a Cretaceous-Paleogene peneplain. We estimated
mean vertical slip rates in each block from the amount of erosional
incision, assuming and following Trifonov (1986) and Trifonov
and Ponomarev (1990), that the onset of the neotectonic stage
was at the beginning of the Pleistocene (1.8 Ma). The amounts of
erosional incision (difference between the maximum and
minimum heights inside a block) and neotectonic slip rates are
listed in Table 4.
Thus, the mean rates of vertical slip calculated using the
ArcGIS tools record different degrees of recent tectonic activity of
the blocks. The most active are the Tuva-Mongolia block (Muren
Anticlinorium, Vv Z 1.2e1.4 mm/yr), Altay (South Kholzun
structure, Vv Z 1.2e1.3 mm/yr), West Sayan (Central Sayan
Anticlinorium, Vv Z 1.1 mm/yr), and the East-Tyva fold zone
(Vv Z 1.1e1.2 mm/yr); the most stable are the structures on the
southeastern edge of the West Siberian plate and on the south-
western edge of the Siberian craton, where the slip rates are as low
as Vv Z 0.05 and 0.02 mm/yr, respectively.
The above algorithms were used to transform, with ArcGIS
tools, the 2-D neotectonic model into a 3-D one. This allowed us
to distinguish the upper, intermediate, and lower layers in the
ASFA crust, with different degrees of deformation and thicknessesTable 3 3D modeling with ArcGIS.
Step 1 2eD modeling (Table 1)
Step 2 Assigning border fault depths and computing block
thicknesses (Table 2)
Step 3 ArcScene visualization of 3eD model with standard
built-in functions(Fig. 2). For estimating the degree of deformation in each of the
three layers, the layer thicknesses, being broadly variable, were
averaged to 25, 12, and 7 km, respectively. The thickness of the
upper layer (25 km) was estimated as a mean thickness of smallest
(third-rank) blocks in it. The thickness of the intermediate layer
was found by subtracting the mean thickness of smallest blocks
from that of the second-rank blocks; the thickness of the lower
layer was likewise inferred in a similar way. The scheme for
calculating the deformation degrees is given in Table 5.
The first (upper) layer is cut by faults of all three size groups
and, thus, has the most heterogeneous structure, variable thick-
ness, and uneven bottom geometry (Fig. 3). The blocks are
thickest on the southeastern edge of the West Siberian plate (about
30 km) and in the East-Tannuola Anticlinorium (35 km), and
thinnest (about 10 km) near boundaries between blocks that are
more or less uplifted and subsided relative to one another. Note
that the areas with a thin upper layer systematically correspond to
zones of greatest deformation, whereas those where the upper
layer is thick are the least deformed. Yet, on closer examination
the degree of deformation correlates better with the area-to-
thickness ratio than with the layer thickness itself.
This observation agrees perfectly with the mechanical prin-
ciple that deformation is fully dependent on the area-thickness
ratio of the crustal blocks under failure. In the case where the
surface area of the deforming block is many times its thickness,
deformation involves a relatively thin plate in which failure is
associated with accumulation of elastic energy, formation of long
faults delineating large blocks and, as a consequence, the defor-
mation degree is low. Otherwise, the small deforming blocks with
commensurate surface areas and thicknesses are thick plates with
a dense network of short faults.
The second (intermediate) layer contains regional and trans-
regional (general) faults. Its bottom geometry is smoother than inStep 3 Recognizing maximum and
minimum elevations in each block,
with a special script, and
calculating amount of erosional
incision
Step 4 Calculating mean slip rates in each
block, with a built-in calculator, in
table of attributes
Figure 2 3-D neotectonic model of the Altay-Sayan folded area.
GIS tools for correlation of tectonics and seismicity 137the first layer, although its thickness is likewise variable, from
5 km (beneath the West Siberian plate) to 25e30 km (South
Minusa Basin eWest Sayan synclinorium, Khemchik-Sistigkhem
synclinoriumeEast-Tannuola anticlinorium).
The third (lower) layer includes major faults only and has the
most uniform structure, a smooth bottom topography, and thick-
nesses that vary from 3 km (southeastern end of the West Siberian
plate) to 20 km (highland terrains). The base of the lower layer
generally corresponds to theMoho. This layer and those above it are
isostatically consistent, showing mirror symmetry to the topo-
graphic surface (Fig. 3). Isostasy is especially well evident in theTable 5 Calculating deformation degree.
1. Computing total area of local, regional, and general fault
planes in upper layer: S (Lilc  Hilc) þ S (Lirg  Hirg1)
þ S (Lign  Hign1), where Hirg1 and Hign1 are assumed to be
25 km (mean thickness of layer 1)
2. Calculating volume of upper layer:
V1 Z S (Siblock1  Hiblock1)
3. Computing Ds1 : Ds1 Z S (Lilc  Hilc)
þ S (Lirg  Hirg1) þ S (Lign  Hign1)/S (Siblock1  Hiblock1)
4. Computing total area of local, regional, and general fault
planes in intermediate layer: S (Lirg  Hirg2)
þ S (Lign  Hign2), where Hirg2 and Hign2 are assumed to be
12 km (mean thickness of layer 2)
5. Calculating volume of intermediate layer:
V2 Z S (Siblock2  Hiblock2) e V1
6. Computing Ds2 : Ds2 Z S (Lirg  Hirg2)
þ S (Lign  Hign2)/V2
7. Computing total area of local, regional, and general fault
planes in lower layer: S (Lign  Hign3), where Hign3 are
assumed to be 7 km (mean thickness of layer 3)
8. Calculating volume of lower layer:
V3 Z S (Siblock3  Hiblock3) eV2
9. Computing Ds3 : Ds3 Z S (Lign  Hign3)/V3match of the topographic surfacewith the bottom of the upper layer.
The explanation is quite obvious: ever deeper crust layers always
correlate with ever larger structures on the surface and implicitly
record the depth-dependent crustal rheology, which is a key factor in
the deformation style. Thus, the 2-D neotectonic fault-block model
we have obtained usingGIS tools includes blocks of three size ranks
which, on conversion into the 3-D model, image a three-layer deep
structure in the Altay-Sayan folded area.
3.2. Computing deformation factors in the 3-D model
3-D neotectonic modeling, with earthquake prediction implica-
tions, methodologically stems from the fact that the upper, inter-
mediate, and lower lithosphere responds in different ways to
tectonic motions, the responses being elastic (brittle), viscoelastic,
or viscous (ductile). The 3-D model, with the three layers of
different deformation styles, allows us to estimate quantitatively
the degrees of deformation in each layer. For this, deformation
factors were calculated mathematically as:
Ds1Z
X
ðLilc HilcÞ þ
X
LirgHirg1
þ
X
LignHign1

X
ðSi block1 Hi block 1Þ; for the upper layer
Ds2Z
X
Lirg Hirg2
þ
X
Lign Hign2

V2; for the intermediate layer;
Ds3Z
X
Lign Hign3

V3; for the lower layer;
where Ds is the deformation degree of the respective layer, Li is
the fault length (the subscripts lc, rg, and gn stand, respectively,
for local, regional, and general faults), Hi (1,2,3) is the depth of
faults of the three size ranks, Si block 1 is the surface area of blocks
in the upper layer, Hi block 1 is the thickness of blocks in the upper
layer, and V2 and V3 are the volumes of the intermediate layer and
the lower layer respectively. The degrees of deformation in layers
1, 2, 3 were estimated separately using different formulas because
Figure 3 Three-layer model of the Altay-Sayan folded area along the long-range Deep Seismic Sounding (DSS) profile Quartz: ① West
Siberian plate; ② Solgon Ridge; ③ North Minusa Basin; ④ Batenevo-Bellyk anticlinorium; ⑤ South Minusa Basin; ⑥ West Sayan syncli-
norium;⑦ Khemchik-Sistigkhem basin;⑧ East Tannu-Ola anticlinorium;⑨ Sangilen Block. Physical parameters of crust: 1Z p, pressure, kbar
(Bolt, 1981); 2 Z v, seismic waves velocities, km/s (Pavlenkova, 1996); 3 Z Q, heat flow, mW/m2 (Lysak et al., 2005); 4 Z r, density, g/cm3
(Bolt, 1981); 5 Z s, integrated strength of continental lithosphere, MPa (Zacharov, 1996).
138 R.M. Lobatskaya, T.G. Krasnoramenskayathe volume of the upper layer was known exactly, whereas that of
the intermediate layer was found by subtracting the upper layer
volume from the total volume of rank 2 blocks (Table 5).
Thus, the calculated mean deformation factors for the upper,
intermediate, and lower layers are 0.12, 0.012, and 0.007 unit/km3,
respectively, which correspond to high, medium, and low defor-
mation degrees, respectively. The deformation factors reflect the
actual depth-dependent deformation pattern in ASFA and account
for the difference in seismogenic properties at different depths ofFigure 4 Generalized three-layer rheological model of Altay-Sayan
Maxwell body; ③ Bingham body. Deformation boundaries K1, K2, and K
et al., 2004). Physical parameters of crust: 1 Z p, pressure, kbar (Bolt
3 Z Q, heat flow, mW/m2 (Lysak et al., 2005); 4 Z r, density, g/cm3 (Bo
(Zacharov, 1996). K1 e K4 Z boundaries of earth crust layers.the crust related to the ability of releasing elastic energy on
failure.
According to Sadovskii et al. (1987), the sizes of blocks are
related to seismicity as LZ S½ being a linear value that correlates
with the block depths and seismicity. However, this relationship
did not work in this study as it is applicable to isometric blocks
only, and these constitute no more than half of all the blocks in
ASFA. On the other hand, the 3-D model that we propose already
allows analysis of seismicity in 3-D blocks.folded area (ASFA) crust. Rheological bodies: ① Kelvin body; ②
4 d discontinuities according to reflection profiling in ASFA (Lind
, 1981); 2 Z v, seismic waves velocities, km/s (Pavlenkova, 1996);
lt, 1981); 5 Z s, integrated strength of continental lithosphere, MPa
Figure 5 Deformation degree in blocks vs. total seismic energy
(log E ): LogE Z 33.093Ds þ 13.473; logarithmic total seismic
energy; deformation degree in blocks of three size ranks (unit/km3).
Dash and dot lines separate off value areas of upper (1), middle (2)
and lower (3) layers of earth crust in the 3-D model.
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according to the strain behavior in classical rheological models.
Depending on specific purposes, they are either three simple
models (Hooke, St.-Venant, or Newton bodies), or three models of
complex rheology, which provide a more realistic idea of the
rheological behavior of the crust (Kelvin, Maxwell, and Bingham
bodies), as detailed in Yaroszewski (1974).
Deformation of a Kelvin body corresponds to elastic flow, i.e.,
elastic deformation with its response to loading retarded by
viscosity and then gradual recovery after unloading. In our model
(Fig. 4), the viscoelastic Kelvin body may account for the most
densely faulted upper layer of small (third-rank) blocks, with on
average a deformation factor of 0.12 unit/km3.
A viscoelastic Maxwell body responds to loading by instant
elastic deformation followed by slow uniform deformation
equivalent to pseudo-viscous flow. When unloaded, the body
experiences instant elastic rebound but the body as a whole never
returns to its original state. We apply the Maxwell body model to
approximate the intermediate crustal layer (Fig. 4), which cannot
deform in the same brittle way as the more elastic upper layer and
is thus less strongly faulted. This approximation is consistent with
the quantitative deformation factor being ten times less than in the
upper layer (0.012 unit/km3).
A Bingham body deforms elastically in response to loading, and
its deformation is equivalent to plastic (viscoplastic) flow at
a constant rate. The unloading phase is similar to that in a Maxwell
body, the difference being in the magnitude of critical load that
causes plastic flow; plastic flow occurs at minimum loading in
Maxwell’s model but requires overcoming friction (corresponding
to plasticity limit and creep-rupture strength) in a Bingham body,
whereas the Bingham response to smaller loads is elastic. The
elastic-viscoplastic behavior of a Bingham body can approximate
the rheology of the lower crust layer in our ASFAmodel (Fig. 4), in
which elastic deformation is almost impossible. Its deformation
factor is about an order of magnitude lower than in the intermediate
layer andmore than one hundred times lower than in the upper layer
(0.007 against 0.012 and 0.12 unit/km3, respectively).
Note that there has been no rheological model suggested so far
that would perfectly agree with the tectonic views. Rheological
layering in the crust is associated with thermodynamically
controlled depth-dependent changes in rock physics. The depths
of viscoelastic (Kelvin body, Maxwell body) and viscoplastic
(Bingham body) deformation in each specific geological area vary
as a function of local tectonics and related loads and stress
patterns. Our suggested rheological model agrees well with
geophysical data in some parameters. The best fit is for integrated
lithospheric strength (Zacharov, 1996). Strength changes abruptly
at the bottom of layers 1 and 2; it decreases rapidly when
approaching these boundaries and then increases as rapidly, with
a generally increasing trend from the upper layer to the lower one
(Fig. 4). A slightly less strong, but still good consistency is
observed between the position layer bottoms and crustal reflectors
identified by Pavlenkova (1996) and Pavlenkova et al. (2002).
According to the available data, the K1 and K2 discontinuities in
the ASFA crust (Lind et al., 2004) lie near the bottom of the highly
deformed upper layer, corresponding to the seismogenic crust in
the area. The K4 discontinuity matches the bottom of the second
layer deformed to a medium degree (Fig. 4).
Heat flow and density increase gradually with depth (Fig. 4),
without distinct boundaries correlatable to the model layers. The
only constant relationship is the inverse proportionality between
high deformation factors and low heat flows.The predicted positions of layer boundaries generally agree
with the cited data from field reports of resistivity (MTS) and
reflection profiling surveys, as well as with density modeling of
the ASFA region (Bolt, 1981). Comparison with geophysical data
and good agreement of the results provide a useful check for the
obtained 3-D neotectonic model and, on the other hand, show
ASFA to be a typical continental crust region.
The presented rheological model of ASFA crust has important
seismicity implications because it shows the variations in the
proneness of the crust to failure at different depths, which reflect
variations in seismogenic properties (Scheidegger, 1987). The
mean deformation factor (Ds), which is 0.12 unit/km3 in the upper
layer, 0.012 unit/km3 in the intermediate layer, and 0.007 unit/km3
in the lower layer of the 3-D neotectonic model of ASFA allows
correlation of the three distinguished layers with rheological
bodies that differ in the potential of accumulating elastic energy.
3.3. Seismogenic crust in the 3-D neotectonic model of
ASFA
The 2-D neotectonic model highlights the locations of currently
active seismic zones in ASFA, namely, the Karagan, Altay, Shap-
shal, Tyva, and Busiyngol source areas. We have distinguished
criteria that explain the causes of stress build-up in each of these
zones. In most of them, the depths of M > 5.5 earthquakes were
never below 15 km, and twoM> 6 events in the Altay and Shapshal
areas originated at 33 and 30 km, respectively. Most of hypocenters
tend to occur at depths from 10 to 33 km, which corresponds to the
lower part of the upper layer (Kelvin body) and the upper part of the
intermediate layer (Maxwell body; Fig. 4). The deformation factors
for the zones of localized hypocenters are in a range of 0.013e0.16,
this being possibly the optimum level of crustal deformation
necessary and sufficient for concentrating elastic energy. The degree
of deformation turned out to be inversely proportional to total
energy released in earthquakes (Fig. 5).
The highest correlation coefficients obtained for the upper
layer are (0.9) in source areas and (0.6) in areas of uneven
140 R.M. Lobatskaya, T.G. Krasnoramenskayascattered seismicity. The deformation degree in layer 1 and the
total seismic energy (log E ) are related as: LogEZ 33.093 Ds1
þ 13.473.
Correlation for the intermediate layer is lower than in the upper
layer (0.6 for source areas and no correlation for areas of scat-
tered seismicity), the equation being LogE Z 818.17 Ds2
þ 20.264.
Seismogenic crust in ASFA lies in the lower part of the highly
deformed layer equated to a Kelvin body, with a deformation
factor no higher than 0.16 unit/km3 and in the upper part of the
moderately deformed layer equated to a Maxwell body, with
a deformation factor no lower than 0.013 unit/km3, whereas the
total released seismic energy is inversely proportional to the
deformation degree.
4. Conclusions
The results and discussion of modeling with the use of data from
the Altay-Sayan folded area can be summarized as follows:
1) the adapted GIS technology combining Global Mapper digital
elevation model and ArcGIS processing tools allows an
upgrading from 2-D to 3-D tectonic modeling without
significantly increasing computing costs;
2) the obtained 3-D neotectonic model of ASFA is an important
contribution to knowledge of deformation patterns and
rheology of the crust in the study area, which, in turn,
provides more clues to regional seismicity;
3) correlation of deformation degree (deformation factors) in
crustal blocks at different depths with the total released
seismic energy is an objective criterion useful for earthquake
prediction in ASFA, which has long been thought to be an
area of low seismic activity; and finally,
4) these GIS techniques can be applied in other regions.
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